rable to or lower than those of plants maintained in normal atmospheric CO2. The length of the enhancement period and the rapidity of decline from the maximum rates apparently depend on the ambient CO2 concentration, with higher concentrations leading to more rapid loss of enhancement (4). In crop species, it has been reported (11, 16) that exposure to high CO2 does not result in growth enhancement during all phases of vegetative growth but can increase dry weights significantly during early stages of seedling growth or early fruit development. This suggests that enhanced rates of photosynthesis per unit area may be maintained only during periods of rapid growth when the demand for assimilate is high. During periods of low assimilate demand, rates of photosynthesis per unit leaf area in high-CO2 grown plants fall off in the manner demonstrated by Aoki and Yabuki (4).
Projections of increasing global atmospheric CO2 concentration with time (13) have stimulated interest in the effects of high CO2 on photosynthesis and plant growth. Although plant species with the C3 photosynthetic pathway have been observed (2, 24) to produce more dry matter in high CO2 than in normal atmospheric CO2, the basis of this increase in dry matter production is not completely clear. In many studies increased rates ofphotosynthesis on a leaf area basis during brief exposure of plants to high CO2 (1, 5, 6, 10) have been extrapolated to explain increased growth in high CO2 by projecting higher photosynthetic rates over the long term in plants growing in high CO2 environments (8, 23) . In studies (4, 16, 21) where photosynthesis and growth of plants in high CO2 have been followed for many days or weeks, it has been observed that the initially high rates of growth and photosynthesis per unit of leaf area are maintained for only relatively short periods after exposure to high C02, then decline to levels compa-' This research was supported by National Science Foundation Grants DEB77-15845 to the Duke University Phytotron, DEB78-23640 to B. Strain, PCM77-1 1142 to P. J. K., PCM76-20595 rable to or lower than those of plants maintained in normal atmospheric CO2. The length of the enhancement period and the rapidity of decline from the maximum rates apparently depend on the ambient CO2 concentration, with higher concentrations leading to more rapid loss of enhancement (4) . In crop species, it has been reported (11, 16 ) that exposure to high CO2 does not result in growth enhancement during all phases of vegetative growth but can increase dry weights significantly during early stages of seedling growth or early fruit development. This suggests that enhanced rates of photosynthesis per unit area may be maintained only during periods of rapid growth when the demand for assimilate is high. During periods of low assimilate demand, rates of photosynthesis per unit leaf area in high-CO2 grown plants fall off in the manner demonstrated by Aoki and Yabuki (4).
The purpose of the present experiment was to measure the effects of assimilate demand on rate of whole plant net photosynthetic carbon fixation in soybeans during long-term exposure to high CO2 and to relate these rates to dry matter production under these conditions. placed on an automatic watering system and, thereafter, were watered to the drip point with modified half-strength Hoagland solution three times per day.
MATERIALS AND METHODS
Treatments were initiated on day 44 when pod growth was rapid but seeds had not yet begun to develop (stage R6 (9)). At this time, vegetative growth was complete with seven to eight mainstem nodes present on all plants. To establish approximately equal leaf area in all plants, trifoliolates at nodes other than 2, 4, and 6 were excised. For low sink treatments the two smallest pods at nodes 2, 4, and 6 were left (total, six pods) and for high sink treatments the three smallest pods at nodes I through 7 were left (total, 21 pods). On the second day after pruning plants from each sink treatment were assigned randomly to high CO2 (1,000 ,ul C02/1 air) or "low" CO2 (350 (Fig. 1.) When rates of plants from both CO2 treatments were measured at 1,000,u1 C02/1 air (Fig. 2) (Fig. 3) Vegetative dry weights increased during the first 5 days of treatment in response to pod removal and CO2 treatment (Fig. 4) . Dry weights of 1,000 ,ul C02/l air-treated plants were greater than the dry weights of 350 ,Il C02/1 air-treated plants with an equal pod number. Dry weights of low sink plants were greater than the dry weights of the high sink plants from the same CO2 treatment. Thus, the ranking of the treatments for vegetative dry weight is the reverse of the ranking for rates of photosynthesis at either high or low measurement CO2 concentrations (Figs. 2 and 3) .
After day 5, the pods became the most important component of dry weight gain in the plants. Individual pods of 1,000 ,ul C02/1 air treated plants weighed more than individual pods of 350 ,l C02/1 air-treated plants with an equal pod number (Fig. 5 ).
Individual pods from low sink plants weighed more than the individual pods of the high sink plants in the same CO2 treatment (Fig. 5) . As with the vegetative dry weights, these rankings among the treatments with respect to individual pod weights are the reverse of the rankings for the photosynthetic data obtained at either high or low measurement concentrations (Figs. 2 and 3 ).
DISCUSSION
Plants of equal pod number treated and measured at 1,000 ,l C02/1 air had higher whole plant net photosynthetic rates than plants treated and measured at 350 Al C02/1 air for virtually the entire treatment period (Fig. 1) . This resulted in greater dry weights of vegetative and reproductive tissues in plants from the high CO2 treatments even though rates of photosynthesis were lower in 1,000,M C02/1 air-treated plants when plants from the two CO2 treatments were compared at the same photosynthetic measurement conditions (Figs. 2 and 3) .
Vegetative dry weights and per pod dry weights were higher in low sink compared to high sink plants, but total reproductive weights were lower because high per pod weights did not compensate for fewer pods. Total plant weights were also lower in low sink plants because increased vegetative weights did not compensate completely for greater pod number in high sink plants. Thus, in the low sink treatments, lower photosynthetic rates were associated with lower total weights, but with higher vegetative weights and per pod weight because when pod number was restricted assimilates accumulated both in vegetative tissue and in tissues of the remaining pods.
Accumulation also occurred in vegetative tissues of high C02-treated plants as evidenced by their higher weights. In high C02-treated plants this accumulation was associated with lower photosynthetic rates at any one measurement CO2 concentration. This accumulation in vegetative tissue may be a partial cause of decreased photosynthesis in 1,000 compared to 350,ul C02/1 air treated plants and in low compared to high sink plants. In Vitis vinifera (14) high C02-treated plants also had greater dry matter production, but lower photosynthetic rates at 350 IlI C02/1 air compared to 350-treated plants. In Vitis, however, photosynthetic rates at 1,000 ,u C02/1 air were higher in high C02-grown plants, possibly because of continued rapid growth in high-CO2 treatments.
The hypothesis of assimilate control of photosynthesis reviewed by Neales and Incoll (17) has been supported by evidence linking high source:sink ratios with low rates of photosynthesis (7, 20, 22) but the actual mechanism of control has not been demonstrated.
Our data are compatible with the hypothesis of assimilate control of photosynthesis. There is a correlation across all treatments between accumulation of dry weight in vegetative tissues and depression of rates of photosynthesis. Inasmuch as no significant new vegetative tissue was added, the dry weight increase we observed in roots, leaves, and stems probably represented starch accumulation. Starch accumulation has been observed in high C02-grown plants (12, 15) and in plants with low demand for assimilate (7) . While starch accumulation may not directly affect rates of photosynthesis, in plants where considerable starch buildup occurs, it is likely that other metabolic pools are also filling. Computer stimulation of metabolic pathways suggests that enzymes controlling starch synthesis are a likely control point in the reductive pentose phosphate pathway (3); thus, starch buildup in plants with low sink demand may affect rates of photosynthesis indirectly.
Our observations point out the complexity of predicting how plants will respond to increased atmospheric CO2. As previously reported (4, 14, 16), we found that plants grown in high CO2 can have reduced rates of photosynthesis relative to controls when tested at a single CO2 concentration, but we also found that availability of sink capacity for photosynthate storage strongly influenced the amount of reduction of photosynthesis which occurred. Our data suggest that the more rapidly storage tissues are filled, the more rapidly rates of photosynthesis decline. As a result, we believe that a more accurate understanding of the relationship between photosynthetic changes and plant growth under CO2 enrichment requires consideration of whether active meristematic and storage tissues can utilize photosynthate at a sufficient rate to overcome the type of apparent photosynthetic inhibition observed in the current study. Such a source:sink interaction would offer a plausible explanation for the variation in response to high CO2 between species (4, 14) and within species at different stages of development (11, 19) . If we are to predict how world vegetation patterns may change in response to increasing atmospheric C02, we must first have a better understanding of the processes linking production, distribution, and use of photosynthate in the plant.
